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Abstract Studies of oxygen isotopes in foraminifers from

deepsea sediments yield information about rates of change

of sea level, for hundreds of thousands of years with a

resolution of roughly 1,000 years. The statistics regarding

fluctuations for the late Quaternary (the last 900,000 years)

suggest that a rise of 10 m per 1,000 years (1 m per cen-

tury) is not unusual, even when the system resides within a

warm stage, as now. Values near 2 m per century, while

rare, are well within the range of a warm system, beyond

the 5-percentile of the overall range. Once sea level is near

+10 m, further rise becomes highly unlikely within the

conditions of the late Quaternary, suggesting the presence

of some kind of natural barrier; that is, lack of vulnerable

ice. The present volume of ice generally considered vul-

nerable (Greenland and West-Antarctic ice sheet) adds up

(roughly) to the observed limit.

Keywords Sea level � Deep sea sediments �
West Antarctic ice sheet

Introduction

In the third assessment of the ICPP (Houghton et al. 2001),

on the 1,000-year scale, substantial melting of Greenland’s

ice sheet is anticipated (contributing ca. 6 m of sealevel

rise), while stability of the West-Antarctic ice sheet is

thought to restrict a 1,000-year rise from this source to 3 m

or less (Church et al. 2001). Thus, on this time scale, the

projection of the average rise per century in the future lies

between 0.6 and less than 1 m/century. The authors point

out that ice dynamics are as yet ‘‘inadequately understood’’

for the purpose of making ‘‘firm projections, especially on

the longer time scales’’ (p. 642). The statement implies that

a better understanding of ice dynamics will greatly improve

projections in the future, especially on longer time scales.

This may be so; however, what matters is not only the

gradual rise from water expansion and meltwater from

mountain glaciers but also the risk from collapse of large

ice sheets, as seen in rapid deglaciation (Denton and

Hughes 1981; Seidov et al. 2001). The most vulnerable ice

to provide for such collapse would seem to be the Green-

land ice sheet, for a potential sealevel rise of about 7 m

(Church and Gregory 2001). Another possible source of

sealevel rise, slightly less massive, is the West-Antarctic

ice sheet.

It seems likely that the timing of ice sheet collapse will

not yield to deterministic calculations emphasizing gradual

change. In fact, in a recent paper assessing the impact of

model physics on estimating the surface mass balance of

the Greenland ice sheet (Bougamont et al. 2007), the

authors imply that without the inclusion of ice dynamics

there can be no attempt to predict the future behavior of the

ice sheet (ibid., p. 2 of 5), which entails severe limits on the

efficacy of physical models. Presumably, we are dealing

with gravitationally unstable systems with complex inter-

nal nonlinear feedbacks. We would expect unpredictable

response to steady forcing (warming), informed by sto-

chastic stimulation (e.g., earthquakes). Within such a

conceptual framework, quasi-deterministic computations

become more or less irrelevant to the problem of acceler-

ated sealevel rise, while past behavior gains in importance.

Quite generally, the importance of abrupt change, as seen
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in the geologic record, may have been underestimated in

assessing the risks associated with global warming (Alley

et al. 2005).

In what follows, I present statistics on the rates of sea-

level change within the past 900,000 years, based on

published oxygen isotope data (Zachos et al. 2001). Many

similar data sets are available for analysis; this one seemed

to be the most comprehensive. Such series provide a sense

of behavior of sea level on the 1,000-year scale, within the

currently reigning geologic framework of climate condi-

tions. When transferred to the century scale, results may be

considered conservative relative to risk analysis, since they

reflect the mean behavior over many centuries, smoothing

away any unusual excursions; that is, events that carry risk.

The patterns observed show a familiar asymmetry; the rates

for rises in sea level are generally larger than those for

falls, reflecting the fact that building ice takes longer than

melting it. A number of possible causes for this observation

have been put forward, some involving changes in ocean

currents and heat transport and other feedbacks (see review

by Alley and Clark 1999, and articles in Seidov et al.

2001). The simplest explanation is that the buildup of ice is

accompanied by buildup of instability (Berger 1999).

If instability increases with time, as suggested by

the more or less regular spacing of major deglaciation

events (‘‘terminations,’’ Broecker and van Donk 1970) ice

dynamics must depend to some degree on the age of the ice

caps to be melted, and not just on the warmth of summers.

We have, within the ice-age cycles, an increase in the

‘‘vulnerability’’ of ice; that is, its readiness to respond to

warming. This notion of the importance of age of ice mass

can help explain the ‘‘Stage 11 Problem’’ identified by

Imbrie and Imbrie (1980). In fact, in the explanation pro-

posed (Berger 1997, 1999; Paul and Berger 1999) it is not

the age of existing ice that matters, but the mass of the

average ice of the previous 50,000–60,000 years. Put dif-

ferently, it is the growing vulnerability of ice through tens

of thousands of years, as its growth and presence modifies

the boundary conditions that govern stability.

The hypothesis underlying the present essay is that the

vulnerability of all of the ice that participates in the ice-age

fluctuations is set by the immediate geologic past (tens of

thousands of years), independently of the existing ice mass,

and that there is a large amount of ice not subject to the

vulnerability cycles. This, it is here proposed, is the reason

why the potential for rates of sealevel rise exceeding 1 m/

century is undiminished during periods of high stand (as at

present), and why the maximum high stand reached in the

last 900,000 years is near +10 m. Presumably, it is the

East Antarctic ice sheet that is the mass not participating in

the vulnerability cycles, in agreement with the assessment

that it is the most stable part of the changing system

(Church et al. 2001).

Data sets and methods

The typical distance between individual data points in the

900-year data set used (from a compilation of Zachos et al.

2001) is 1.05 ± 0.3 kyr. After applying a 111 boxcar

smoothing, this set was converted to a spacing of 1 kyr by

interpolation within a gliding window of four points, along

a fit defined by the four points (the differences to straight

interpolation between pairs of data points are small). The

resulting curve (Fig. 1) is familiar from many ‘‘stacks’’ of

isotopic stratigraphies, including the ‘‘SPECMAP’’ stack

published by Imbrie et al. (1984), which is valid for the

Milankovitch chron (that is, the last third of the Quater-

nary, the period discussed by Milankovitch 1930). The

series agrees well with other similar sequences (Bassinot

et al. 1994; Mix et al. 1995; Waelbroeck et al. 2002; Berger

2003), down to fine detail. It reflects, in essence, the growth

and decay of ice (three-fourths of the signal) as well as

temperature and salinity changes in the deep-sea (approx-

imately one-fourth of the signal seen). The periodicities

observed suggest an oscillation of the earth’s climate sys-

tem centered near 100 kyr, and in resonance with periodic

forcing based on orbitally controlled summer insolation in

high latitudes, a forcing first proposed by Milankovitch

(1930). An artificial series fitting the observed one is

readily generated when assuming that high-summer inso-

lation at high latitudes (as in Berger and Loutre 1991) is the

driving variable, and that the response of the climate

machine is predicated upon ‘‘listening’’ to extremes in the

forcing during privileged periods of instability, but not

listening very much during other times (Berger et al. 1996).

Geologically speaking, the ‘‘present’’ is comprised by

the last 900,000 years; that is, the period with long-term

climate fluctuations based on long-term oscillations (it is

the internal oscillations that change at the mid-Pleistocene

climate shift, not the external astronomical forcing). Warm

extremes such as the Holocene (note 5% line) are restricted

to the Milankovitch chron (last 650,000 years), which is

initiated by the largest glaciation ever (MIS 16). It is

readily seen that this period is characterized by an expan-

sion of the range of fluctuations in both directions, up and

down. Because of this expansion, the analysis of patterns

within warm extremes is de facto restricted to the Milan-

kovitch chron. More precisely, it is restricted largely to the

last two-thirds of that period, following the MIS-12 climate

shift. It is after this shift that warm extremes occur with

regularity. One of these extremes is our own Holocene

(MIS 1).

The record of oxygen isotopes (Fig. 1) is that of shells

of benthic foraminifers on the deep-sea floor, from various

parts of the ocean, and measured by various laboratories.

No effort was made here to treat the uncertainties arising

from pooling the data. The signal is largely informed by ice
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mass and associated sealevel change, but also reports on

other parameters such as temperature and salinity. These

complications are not considered here in converting the

isotopic signal to sealevel variation. Instead, I use the

conventional estimate of 120 m of change from the last

glacial maximum to the present (Mix and Ruddiman 1984;

Chappell and Shackleton 1986; Fairbanks 1989, and earlier

work cited in Shepard 1963, and in Matthews 1990). For a

d18O range of 1.6 permil between the last glacial and the

Holocene (Fig. 1), this assumption provides a calibration of

a difference in sea level of 7.5 m for a difference of iso-

topes of 0.1 permil in the data set at hand. Assuming that

the other factors influencing isotope values (temperature,

salinity) have variations that preserve aspect ratios with

oxygen isotopes throughout their range and stay in phase

for all of the late Pleistocene, this calibration can be used

for the entire period. The assumption of linearity has been

tested by modeling (Sima et al. 2006); the error arising

from changes in the isotopic composition of the varying ice

mass seems to be modest (\10%). Any lag between ice-

mass variation and oxygen isotopes does not affect the

arguments here presented.

Statistical patterns and implications

The major part of the range of variation appears quite

well defined, especially for the Milankovitch chron

(Fig. 1). This suggests the operation of negative feedback

at the edges of that range (boundary for gray field). In

addition, trends of ice buildup (drops in sea level) persist

for tens of thousands of years, indicating self-stabilization

of trends, as a result of positive feedback. The iconic

example for the dominance of internal dynamics in

shaping the cycles is Stage 11, for which outside forcing

is at a minimum because of low eccentricity of Earth’s

orbit (Berger and Wefer 2003). The undiminished range

seen in the transition from Stage 12 to 11 is remarkable.

It highlights a major argument of this essay; ice melts

readily when conditions are right, even with modest

outside forcing.

Stage 11, given its orbital configurations, has great

similarity to Stage 1 (Berger and Loutre 2003). However,

the Stage 11 sealevel highstand has not been reached in the

Holocene. The anthropogenic forcing (excess greenhouse

effect) presumably favors moving in that direction, with a

target of +7 m relative to late Holocene sea level. This

corresponds roughly to the ice mass of Greenland. The rate

of rise, in approaching the peak of Stage 11, was near 1 m/

century, for at least a 1,000 years. External forcing was

minimal. For comparison with the addition of external

forcing (Stage 5e) the target is +10 m, and the rate of rise

is the same, but for longer. In summary, the record suggests

that our own situation is one with a target of about +10,

and a rate of rise of 1 m/century. The suggestion is that this

target needs to be considered in terms of risk that adds to

the projections generated by assessments based on seawater

expansion from warming and on melting mountain gla-

ciers. Exactly when the present sealevel rise will accelerate

to the deglaciation mode is not known, and is presumably

unpredictable on the time scales of interest (a century or

less). All we know is that the risk can be roughly defined

from history and that it rises with warming and with length

of time.

A more detailed look at the patterns of the isotope

record strengthens the suggestion that a rise of 1 m/century

or more is well within the range of possibilities, as elab-

orated in what follows.

Fig. 1 Oxygen isotope record

of the late Quaternary (last

900,000 years). Brunhes chron:

last magnetic period, started

790,000 b.p.; Milankovitch

chron: time from Stage 16

(largest glaciation of the

Quaternary); Mid-Pleistocene

climate shift: system moves into

long-term ice-age cycles;

Numbers: stage labels (MIS,

marine isotope stage)
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The long-term persistence of trends within the common

range of variation suggests the operation of positive feed-

back stabilizing the trends. If this is so, we should expect a

distribution of sealevel positions that avoids intermediates.

Also, if there is a zone where positive feedback changes to

negative, close to the edges of the main range of variation,

we should see a pile-up of abundances of sealevel positions

in that zone. The patterns observed support the concept of a

large range dominated by positive feedback and limited by

zones where negative feedback rules (Fig. 2). Avoidance of

intermediate conditions is indicated by the lack of a bulge

in the central portion of the range. Instead, the distribution

of positions within the major range is trapezoid to rectan-

gular to a first approximation, with some indication of pile-

up near the boundaries, especially at the lower end of the

common range.

The nature of limitations at the boundaries of the com-

mon range is of interest, especially at the upper end, near

-20 m. Negative feedback seems indicated, or else there is

a shortage of unstable ice beyond that level. There are not

enough cases in this regime (n = 50) to distinguish these

two collaborating factors. The pattern suggests that once a

threshold is crossed, positive feedback is no longer domi-

nant, but within the new regime there is no strong

preference for any one position, between roughly -10 m

and +5 m. In other words, the negative feedback is weak in

this band. But it sets in very strongly at +10 m.

The simplest description of the pattern is that, at the

present position of sea level, the system is indifferent to

modest change, where ‘‘modest change’’ comprises a few

meters of sealevel change, capped with a sharp upper limit

near +10 m; that is, roughly the combined mass of ice in

Greenland and in the West Antarctic.

With respect to the anticipated effects for global

warming, this would mean that under present conditions

the melting of an ice mass equivalent to that of Greenland

is not opposed by strong negative feedback, but the melting

of a mass exceeding the combined masses of Greenland

and the West Antarctic ice sheet is so opposed.

We next take a closer look at the distribution of rates of

change within the warm five percentile of the data set,

beyond the feedback transition zone. The question is, are

these rates lower or higher, on the whole, than is typical

for the entire range. The answer is that they are roughly the

same, but with some indication for larger variability

(Fig. 3).

The pattern for all points (n = 900) shows that a slow

fall of sea level (-0.1 m/century) is the most common

situation for the late Quaternary, and the pattern for the

warm side (n = 50) shows that this includes warm periods,

as well. The distribution of rates of change supports the

notion that ice tends to build all the time, unless prevented

by special circumstances; that is, conditions involving

summer melting combined with ice instability (Berger

1999; Paul and Berger 1999). Because ice instability rep-

resents lagged negative feedback, the system oscillates, and

it does so asymmetrically. Because the melting is tied to

warm summer conditions in high northern latitudes,

instability becomes effective only during certain configu-

rations of the planet’s orbit and axis of rotation. Thus, the

oscillation resonates with Milankovitch forcing.

Melting (i.e., sealevel rise) has larger extremes than

buildup (2 m/century vs. 1.2 m/century; Fig. 3), confirm-

ing the familiar asymmetry between the buildup and

collapse of ice that was first emphasized by Broecker and

van Donk (1970), on the basis of the oxygen isotope data

Fig. 2 Abundance distribution

of sealevel positions. Positive

and negative feedback regimes

are separated by abrupt change

in abundance of positions. Note

that the position of present sea

level is well outside the

common range. Also, note the

absence of a central bulge
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generated by Emiliani (1955, 1966). Emiliani’s isotopic

method introduced an entirely new level of discussion of

the grand questions surrounding ice-age history (Emiliani

and Geiss, 1959). The emphasis on fast transitions from

cold to warm (‘‘terminations’’; Broecker and van Donk

1970) was one of the most important outcomes of the new

approach. The terminations are responsible for the high

proportion of rapid sealevel rise within the patterns.

The upper and lower boundaries for rates of change

presumably reflect fundamental limits on growth and decay

within the conditions of the late Quaternary. Whether, with

global warming, the upper limit can be reset is an open

question; the answer would involve extrapolation into

unfamiliar territory. However, over short time spans, it is

likely that the limiting rate of 2 m/century suggested in the

graph can indeed be exceeded, given sufficient amounts of

vulnerable ice, because of pulsed collapse. Pulsed collapse

of large ice masses (proposed by Denton and Hughes 1981)

is now recognized as an important ingredient of ice decay

(MacAyeal 1993). The concept of ice collapse found

acceptance mainly because of the discovery of repeated

production and release of enormous flotillas of icebergs

into the northern North Atlantic, during the last glacial

period (Heinrich 1988; Bond et al. 1992; Bond and Lotti

1995). Basically, these episodes (‘‘Heinrich Events’’) may

be understood as enormous mass wasting events in large

unstable ice fields.

The various possible causes for collapse of ice sheets

during deglaciation (including those for the surging

familiar from mountain glaciers) have been the subject of

much discussion (Ruddiman et al. 1980; Denton and

Hughes 1981; Oerlemans and van der Veen 1984; Berger

and Jansen 1995; van der Veen 1999; Seidov et al. 2001;

Alley et al. 2005). The question is by no means settled, but

several principles readily emerge: (1) ice masses contain

gravitational energy, which turns into heat when ice flows

downhill, facilitating flow, (2) the downward transfer of

summer melt, from the surface of an ice sheet into cracks

where it can refreeze, represents a one-way heat pump, (3)

meltwater can soften the ground below the ice or form

puddles and lakes, which will decrease friction at the base

and favor downhill gliding, and (4) saturating a glacier

with meltwater facilitates gliding by the familiar pressure

lift principle underlying large-scale landslides (Hubbert

and Rubey 1959). The point is, like other solids moving

downhill, glaciers are subject to the rules of mass wasting

in the presence of fluid water. Together with isostatic

sinking under the ice load (which brings the base of ice

sheets at the margin into vulnerable positions below sea

level), there are several mechanisms available to accumu-

late instability through time, until a threshold is reached for

collapse.

The Heinrich Events show that large-scale collapse is

part of the ‘‘normal’’ behavior on the time scale of ice-age

cycles; the terminations show that collapse can occasion-

ally comprise ice sheets of continental dimensions. Could

the onset of such periods of ice collapse have been pre-

dicted a 100 years before they occurred? Answers to this

question must be sought in analogy to landslide- and

earthquake predictions, that is, in the statistics of stochastic

events. Geologically speaking, the terminations arrived on

time, stimulated by outside forcing. But the question of

timing of the Heinrich Events is unresolved. In any case,

the time scale of a century or less is not accessible in the

type of data here analyzed.

How persistent are periods of rapid sealevel rise? Does

the rate of rise in one millennium have information about

the rate of rise in the millennium that follows? Plotting the

Fig. 3 Abundance distribution

of rates of change for all points

(n = 900) and for the warm side

(n = 50). Note the rough

congruency, but with a greater

spread in the smaller set
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change for 1 millennium against that of the following one

allows us to find the patterns relevant to these questions

(Fig. 4).

The distributions for all available pairs (Fig. 4a) shows

that at any one time, the governing rate of change is likely

to be the same as that in the previous millennium. It is as

though the climate trend at any one time has inertia. This is

not surprising, since the overall cycles have a length of

between 20,000 and 100,000 years. In such long cycles,

any millennium is bound to be much like the previous one,

whether changes are small (plotting near the zero lines in

Fig. 4a) or large (plotting near the extremes, but still close

to the line labeled ‘‘no change’’).

The situation within the warm-end five percentile

(Fig. 4b) is not at all congruent to that for the entire

sampling space. In this case, as expected, there is a ten-

dency for the second millennium in each pair to show a

lesser rate of rise or a greater rate of fall than the previous

millennium (by about 0.2 m/century). This is necessary if

sea level is to turn around, near the upper bound of its

range of positions. Interestingly, the pattern holds for the

entire range of rates observed within the warm side set

(n = 50); that is, the offset for the second member of each

pair has roughly the same distribution over the range

(Fig. 4b). As far as the sparse sampling allows this type of

inference, it means that the background fall of sea level is

steady over the range.

Within the set of points in the warm-end of distributions

(Fig. 4b), the Holocene points are not obviously different

from the rest (not shown), but the scatter and scarcity of

points prevents confident assessment. Thus, there is no

clear evidence from the present analysis for special con-

ditions during the last several thousand years, along the

lines proposed by Ruddiman (2005). He suggests that

human impacts on the carbon cycle have kept the climate

from substantial cooling (along with a fall in sea level), in

the late Holocene. To decide this question, one would have

to compare model output, proven to accurately represent

climate fluctuations in the last 450,000 years on a millen-

nial time scale, with evolution of climate in the Holocene.

Until this is done, this very interesting question remains

unresolved.

Conclusions and relevance

The main conclusions based on the descriptive statistics of

the oxygen isotope record of the late Quaternary here

offered and interpreted are as follows: (1) the particular

quasi-rectangular (non-Gaussian) distribution of conditions

within the late Quaternary suggests dominance of positive

feedback within the main range of variation, and of nega-

tive feedback near the edges. Also, there is a strong

indication of material limitation: a shortage of vulnerable

ice beyond a sea level of +10 m, and a shortage of suitable

space to grow additional ice beyond a sea level of -130 m,

(2) the distribution of rates of sealevel change suggests an

ever-present tendency to build ice, unless conditions are

unfavorable, and shows an asymmetry confirming the

concept that buildup is slower than decay of ice. The

extremes of rates for collapse are near 2 m/century, on the

millennial time scale, (3) the distribution of changes in

rates show persistence from 1 millennium to the next, but

also indicate that within the warm zone of ice-age condi-

tions (5 percentile) there is a tendency to slow the rise and

accelerate the fall of sea level, as expected. The typical

difference from one millennium to the next, within this

zone, corresponds to -0.2 m/century; that is, twice the

overall tendency for ice buildup.

In the context of discussions about the present and future

behavior of sea level, it is of interest that patterns of change

within the warm end (5 percentile) are not fundamentally

different from patterns over the entire range (Fig. 3),

Fig. 4 Pattern of acceleration of rates in all available pairs (upper

graph; n = 900) and in the pairs within the warm zone (5 percentile;

lower graph; n = 50). Note persistence in (a), with points close to

‘‘no change’’ line, and offset in (b)
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except for greater scatter. This means that below a level of

+10 m (taking the present as zero) the opportunity for fast

rise (1–2 m/century) persists. Fast rise of sea level is pre-

sumably tied to ice collapse, as this is certainly true for

deglaciation, and probably also for Heinrich Events. The

obvious candidates for such collapse are the Greenland ice

sheet and the West Antarctic ice sheet. These ice masses

are vulnerable owing to a combination of causes including

groundings below sea level, potential access for seawater,

low elevation, and temperature of the ice.

From the various discussions of possible causes of

deglaciation and Heinrich Events, it appears that the col-

lapse of ice masses is more closely related to the physics of

mass wasting than to the physics of regular glacier flow. If

so, this introduces a large element of uncertainty into the

projections of sealevel rise for the future. Estimates of

contributions to sealevel rise from changes in polar ice

masses are routinely based on observing current behavior of

ice sheets (Warrick et al. 1990; Houghton et al. 2001). This

is somewhat analogous to employing the rate of soil creep in

landslide-prone regions as an indication of slope stabilities

in the area. While soil creep is not without interest, it is

obviously not a fail-safe guide to slope stability. History and

knowledge about internal structure is the better guide.

Unfortunately, mass wasting events are difficult to predict.

We know that they are favored by heavy rains (that is, by

the addition of water to unstably positioned layered solids)

and by earthquakes (that is, stochastic disturbance).
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